The conversion of L-3-hydroxykynurenine to 3-hydroxyanthranilate is the fourth step in a series of enzymatic reactions leading to the biosynthesis of nicotinamide adenine dinucleotide (NAD) from tryptophan in some microorganisms and in the organs of some higher life forms, including mammalian liver (5) . An analogous reaction, involving the conversion of L-kynurenine to anthranilate and occurring just prior to the formation of L-3-hydroxykynurenine in the sequence of reactions leading to NAD, appears to be primarily catabolic in nature (5) . Previously it was assumed that a single enzyme, "kynureninase" (L-kynureninehydrolase, EC 3.7.1.3), catalyzed these analogous reactions (6) . Recently, two different enzymic forms capable of catalyzing both reactions in vitro were demonstrated in Neurospora crassa (3) . One form was inducible by L-tryptophan, had a relatively low Km for L-kynurenine, and was clearly responsible for the observed excretion of anthranilate by cells growing in the presence of L-tryptophan. The other form was constitutive, had a distinctively low Km for L-3-hydroxykynurenine, and was the predominant form in cells grown in the absence of L-tryptophan (3) . From the information it was concluded that N. crassa contains two separate kynureninase-type enzymes, a kynureninase and a hydroxykynureninase. However, because N. crassa contains two such enzymes and because mutants lacking either enzyme have not been described, there is as yet no direct evidence for the physiological specificity expressed by either enzyme. Moreover, the generality of specific kynureninase-type enzymes in other organisms remains undetermined. In an attempt to address the foregoing problems, we have begun to analyze these enzyme activities in various other microbial systems and in higher organisms. The present report concerns one such analysis in yeast.
MATERIALS AND METHODS
Growth of organism. Saccharomyces cerevisiae wild-type strain S 288C, a gift from D. J. C. Gottlieb, was grown on nitrogen-base yeast medium without amino acids (Difco). Two 20-liter Nalgene carboys, containing 15 liters each of autoclaved medium, were inoculated with 500-ml 24-h cultures and incubated at 25 C under forced aeration. Cells were harvested with a Sharples centrifuge after 41 h (see Fig. 1 ). The yield from 30 liters of medium was 108.5 g (wet weight) of packed cells.
Preparation of extracts. The cells from two carboys were resuspended in 75 ml of 0.05 M potassium phosphate (pH 7) and were broken by two passages through a French press at 20,000 psi. After the first passage, the remaining whole cells and cell debris were pelleted at 8,000 x g for 15 min, resuspended in 60 ml of phosphate buffer, and passed through the French press a second time. Microscopic examination revealed that this procedure resulted in more than 80% breakage. Supernatant extracts were combined (154 ml total) and diluted to 300 ml. Fractionation with protamine sulfate and with ammonium sulfate from 0 to 60% saturation was accomplished as described previously (3) .
Column chromatography. The entire sample (60 ml) from the ammonium sulfate fractionation was prepared for ion-exchange chromatography by gel filtration with a column (4 by 80 cm) of Sephadex G-25. The column was eluted with 0.05 M potassium phosphate (pH 7) containing 0.1 mM ethylenediaminetetraacetate (EDTA) and 0.2 mM dithiothreitol. Chromatography on a column (2 by 80 cm) of diethylaminoethyl (DEAE)-cellulose was carried out as described previously (3) with a 1500-ml linear gradient of 0.01 to 0.15 M potassium phosphate (pH 6.5) containing 0.1 mM EDTA and 0.2 mM dithiothreitol. The gradient was extended by separate elutions with 500 ml each of 0.15 M and 0.5 M potassium phosphate (pH 6.5).
Assays. The kynurenine-to-anthranilate and hydroxykynurenine-to-hydroxyanthranilate reactions were performed as described in a previous report (3) , except that the reaction mixture did not contain MgSO4, and the L-3-hydroxykynurenine concentration was reduced to 0.1 mM. Activities are expressed in international units at 25 C. For kinetic studies, the peak fraction from the DEAE-cellulose column shown in Results was diluted five-to tenfold (see Fig. 2 ). Protein concentration was estimated at 280 nm assuming that 1.0 absorbance unit in a 1-cm cuvette was equivalent to 1 mg of protein per ml.
Paper chromatography. The butanol-propanolwater-ammonium hydroxide system (50:100:50:-0.67) for 
RESULTS
Unlike N. crassa (11, 12) , S. cerevisiae grown in the presence of tryptophan does not deplete the medium of tryptophan and does not rapidly excrete material with fluorescent properties characteristic of anthranilate or one of its derivatives; however, such fluorescent material is excreted slowly by the yeast under these growth conditions (Fig. 1 ). The fluorescent compound was identified by taking samples of media from cultures grown for 48 h in the presence or absence of tryptophan or indole and then subjecting them to paper chromatography as described in Materials and Methods. As shown in Table 1 , none of the fluorescent material excreted into the medium was identifiable as anthranilate (R,, 0.50). Most, if not all, of the material fluorescing at 340/400 corresponded chromatographically to hydroxyanthranilate (R,, 0.15). Other spots observed included an apparent derivative of hydroxyanthranilate (R,, 0.55) and two presently unidentified products (R,, 0.24 and 0.94). Due to the low intensity of the unidentified spots and their distinctly greenish fluorescence, it is doubtful that these materials interfered significantly with the quantitative determination of hydroxyanthranilate in ethyl acetate extracts. Even though the putative hydroxyanthranilate derivative had an R, close to that of anthranilate, it too was easily distinguished by its green fluorescence and was sufficiently resolved from anthranilate to avoid interference with its detection.
Since the anthranilate excreted by N. crassa is the consequence of a direct or indirect induction by L-tryptophan of kynureninase (3, 9, 11) , the failure of S. cerevisiae to excrete anthranilate suggested that the yeast lacks an enzyme of this type. Moreover, the slow accumulation of 3-hydroxyanthranilate rather than anthranilate suggested the presence of an enzyme with specificity for L-3-hydroxykynurenine that is constitutive or at least not signifi- Fig. 2 , only one peak was obtained with kynureninase-type activity. The amount of activity and the position of the peak were the same whether they were from cells grown in the presence or in the absence of (Fig. 2) . Also, the ratio of kynureninase to hydroxykynureninase activity remained essentially constant throughout a -75-fold purification (Table 2 ). Kinetic analysis (Fig. 3) demonstrated that the partially purified enzyme had a Km for L-3-hydroxykynurenine of 6.7 x 10-6 M, a value similar to that of the constitutive enzyme in N. crassa and "80-fold lower than that determined with S. cerevisiae for L-kynurenine (5.4 x 10-i M). The fact that the maximum velocity (vmax) for the two substrates is approximately the same (Fig. 3) is also similar to the case of N. crassa. In contrast to the hydroxykynureninase of N. crassa, the partially purified yeast enzyme is initially independent of added pyridoxal phosphate (Fig. 4) ; however, in the absence of added pyridoxal phosphate the rate of the reaction gradually decreases. The Km for pyridoxal phosphate was not determined since the enzyme was relatively independent of added cofactor, but the amount of pyridoxal phosphate used in the experiments was adequate to maintain a linear rate for 5 to 10 min in the case of the hydroxykynurenine reaction and for over 40 min in the case of the kynurenine reaction (Fig. 4) . The additional decline in the rate of the hydroxykynurenine reaction, even in the presence of added pyridoxal phosphate, is due to a specific inhibition of the reaction by 3-hydroxyanthranilate (C. E. McDermott and A. S. Shetty, unpublished data).
It has been shown that S. cerevisiae contains two biosynthetic pathways leading to NAD (1). When yeast is grown aerobically, the tryptophan-to-NAD pathway predominates; but when it is grown anaerobically, the aspartateglycerol-to-NAD pathway is prevalent. In light of these findings, it was of interest to determine whether the level of hydroxykynureninase activity would be affected by anaerobic conditions. As shown in Table 3 , when cells were grown anaerobically as described by Ahmad and Moat (1) , no significant change in the level of hydroxykynureninase activity was obtained.
DISCUSSION
The finding of a single kynureninase-type enzyme in yeast with specificity for L-3-hydroxykynurenine both in vivo and in vitro indicates that a physiologically discrete hydroxykynureninase exists in this microorganism as an essential enzymic component in the biosynthesis of NAD from L-tryptophan. The specificity of this enzyme is shown not only by its clear preference in vitro for L-3-hydroxykynurenine but also by the fact that excess L-tryptophan in vivo is converted to 3-hydroxyanthranilate rather than anthranilate. Table 1 ). Two micromoles of 3-hydroxyanthranilate per liter of medium was the minimum quantity detectable in this analysis.
constitutive kynureninase-type enzyme in N. crassa (3) supports the argument that N. crassa contains, in addition to an inducible catabolic kynureninase, a physiologically discrete, biosynthetic hydroxykynureninase. (We refer to hydroxykynureninase as a biosynthetic enzyme in reference to the fact that hydroxyanthranilate is an essential metabolite in the biosynthesis of NAD. This is in contrast to kynureninase which we refer to as a catabolic enzyme since anthranilate is not an intermediate in NAD synthesis from tryptophan but is either excreted, catabolized, or recycled into the tryptophan biosynthetic pathway.) Since S. cerevisiae fails to degrade exogenous L-tryptophan actively and since the amount of 3-hydroxyanthranilate excreted is low even in the presence of a high concentration of L-tryptophan, it appears that hydroxykynureninase in yeast does not provide, in addition to its biosynthetic function, a major catabolic route for degradation of L-tryptophan. In fact, it remains to be determined whether S. cerevisiae contains any of the strictly catabolic enzymes known to be related to tryptophan metabolism (5) .
On the basis of the present studies in S. cerevisiae and the previous analysis in N. crassa (3) , the following properties appear to be characteristic of hydroxykynureninase: (i) a Km for L-3-hydroxykynurenine of 5 x 10-6 M,
(ii) a Km for L-kynurenine of 10-4 M, (iii) approximately equivalent maximum velocity (vmax) for both substrates, and (iv) relatively low constitutive cellular activity compared to induced levels of kynureninase or enzymes involved in biosynthesis of tryptophan. Concerning the latter point, it is clear that, in terms of concentration, cellular requirements for cofactors, such as NAD, are much lower than the requirements for structural elements, such as amino acids. Hence, the relatively low amount of hydroxykynureninase activity is consistent with the relatively low concentration of NAD required by the cell. Also, it may be inferred from the specificity for hydroxykynurenine exhibited by the single kynureninasetype enzyme in S. cerevisiae that, unlike wildtype N. crassa, S. cerevisiae does not carry out the tryptophan anthranilate cycle (4) . Mutants of N. crassa that lack the inducible kynureninase can be expected to be similar to yeast in this regard, i.e., excreting 3-hydroxyanthranilate rather than anthranilate. Such a mutant may have been isolated recently (8) , and it will be of particular interest to learn the nature of the tryptophan metabolites it excretes.
Although it is not yet possible to present a comprehensive phylogenetic analysis of kynureninase-type enzymes, it is clear that a number of enzyme patterns are portrayed in Casciano, in preparation). In addition, excretion studies carried out with a human subject exhibiting the only reported mutation of a biosynthetic kynureninase-type enzyme (7) appear to indicate that this enzyme is not involved in the excretion of anthranilate. A sixth category consisting of organisms containing an inducible, bifunctional enzyme may be represented by certain niacin-tryptophan auxotrophs of N. crassa (3), but it seems unlikely that this category will prove to be one normally found in nature. To our knowledge, Xanthamonas pruni is the only organism other than N. crassa that has been shown to contain both an inducible kynureninase-type enzyme and a functional tryptophan-to-NAD pathway (2) . It will be of considerable interest to learn which category this organism represents. Finally, it should be pointed out that two inducible kynureninase-type enzymes have been described in N. crassa (10) . Should two inducible enzymes prove to be functionally significant, additional kynureninase-type enzyme patterns can be anticipated.
